Nucleotide sequence data of the mitochondrial cytochrome oxidase I (COI) gene, were compared among 17 specimens of Sacculina carcini parasitising three portunid hosts as a preliminary assessment of haplotype structure in a poorly understood species for which there are few morphological characters on which to base taxonomic analysis. S. carcini parasitising Carcinus maenas (from Sweden, England and Denmark) were compared with S. carcini parasitising Liocarcinus marmoreus (from Ireland) and Liocarcinus holsatus (from Wales). Specimens of three congeneric sacculinid species and one confamilial species were included in the comparison as outgroups. The comparison confirmed that specimens of S. carcini from different hosts and different regions are all the same species. The data also suggested geographically consistent sequence differences among sampled sites, high levels of similarity within sites and very large differences between species, all of which suggests that analysis of the COI gene sequence could be a useful method for resolving population genetics and taxonomy of rhizocephalans.
INTRODUCTION
Sacculinids are parasitic castrators of decapods, internally parasitising both sexes and destroying the gonads of their host (Høeg, 1995) . The common European rhizocephalan Sacculina carcini (Thompson, 1836) has been recorded from twelve crab species in six families (Høeg and Lützen, 1985) . This wide host diversity has led to speculation that the nominal S. carcini is a complex of rhizocephalan species, which are difficult to separate due to the paucity of morphological features on which to base an analysis (Høeg and Lützen, 1995) . The recent suggestion that S. carcini might prove useful as a biological control agent against invasive populations of one of its major host species, the European shore crab Carcinus maenas (Linnaeus, 1758), depends critically on the degree of host specificity by the parasite (and hence the risk the parasite, once introduced, will attack desirable native species) (Thresher et al., 2000) .
Molecular techniques provide new options for assessing the taxonomy and population structure of groups like the sacculinids. Glenner et al. (2003) , for example, recently proposed the erection of a new sacculinid genus, Polyascus, based on analysis of the nuclear ribosomal gene (18s nrDNA) and the mitochondrial cytochrome oxidase I (COI) gene. Murphy and Goggin (2000) examined the internal transcribed spacer 1 (ITS1) and the small subunit (SSU) ribosomal RNA from S. carcini parasitising three species of hosts [C. maenas, Liocarcinus marmoreus (Leach, 1814), and L. holsatus (Fabricius, 1798)]. They concluded that all specimens were likely conspecific and found little indication of population structuring (Murphy and Goggin, 2000) .
The cytochrome oxidase I (COI) gene has been proposed as the basis for the ''barcoding of life'' project and potentially allows for a finer resolution of population structure than would be possible using the ITS1 or SSU regions. This is because more rapidly evolving mitochondrial genes generally allow relationships to be inferred among groups with recently linked ancestries, as opposed to the more slowly evolving nuclear rRNA, which is better suited to resolving relationships among groups with long histories of evolutionary divergence (Remegio and Hebert, 2003) . We tested this potential in S. carcini, in order to resolve whether its low apparent host specificity reflects the presence of more than one closely related species, by comparing COI sequences among specimens of nominal S. carcini from different regions and hosts and by comparing the range of variation within the nominal S. carcini with sequence data from other sacculinid species.
MATERIALS AND METHODS
DNA was extracted from the externae of S. carcini parasitising Carcinus maenas from Plymouth, England (n ¼ 4), Nykøbing Mors, Denmark (n ¼ 6), and Ellösfjorden, Sweden (n ¼ 4), as well as from putative S. carcini parasitising Liocarcinus marmoreus from Coningbeg Rock, Ireland (n ¼ 2), and L. holsatus from Anglesey, Wales (n ¼ 1) (Figure 1 ). DNA was also extracted from a second group of rhizocephalan externae including Sacculina granifera (Boschma, 1973) parasitising Portunus pelagicus (Linnaeus, 1758) in Moreton Bay, Australia (n ¼ 2), Heterosaccus lunatus (Phillips, 1978) parasitising Charybdis callianassa (Herbst, 1801) in Moreton Bay, Australia (n ¼ 1), Sacculina oblonga (Lützen and Yamaguchi, 1999) parasitising Cyclograpsus intermedius (Ortmann, 1894) collected at Amakusa, Japan (n ¼ 2) and Sacculina sp. parasitising Nectocarcinus integrifrons (Latreille, 1825) in Western Port, Australia (n ¼ 2) (Table 1) .
Most DNA samples were those previously extracted by Murphy and Goggin (2000) using phenol/chloroform with precipitation from the aqueous solution using ethanol and a CTAB (hexadecyltrimethylammonium bromide) protocol modified according to Grewe et al. (1993) . This was supplemented with DNA from the six specimens from Nykøbing Mors, Denmark, extracted using the same DNA extraction protocol. All DNA extractions came from specimens preserved in 100% ethanol. Additional sequence data from an S. carcini parasitising C. maenas in Sweden was obtained from Genbank (Accession number AY117692).
The COI region was amplified from all isolates by polymerase chain reaction (PCR) using the primers HCO2198 (59-TAAACTTCAGGGT-GACCAAAAAATCA-39) and LCOI490 (59-GGTCAACAAATCATAAA-GATATTGG-39) (Folmer et al., 1994) . The DNA was denatured at 948C for 15 seconds, primers annealed at 508C for 15 seconds and chains extended at 728C for 2 minutes, for 35 cycles. The primer set amplified a 652 bp segment of the cytochrome oxidase I mitochondrial gene. The amplified product was confirmed on 1.2% agarose gels stained with ethidium bromide. Amplified products were purified with QIAquick spin PCR purification kits (QIAGEN INC., Chatsworth). Each PCR product was sequenced in both forward and reverse directions using Big Dye Terminator chemistry and run on an automated sequencer (ABI 3100 DNA capillary sequencer) according to the manufacturer's instructions. After primer sequences were removed, nucleotide sequence data of nominal S. carcini were aligned with those of S. granifera, S. oblonga, H. lunatus and the undescribed rhizocephalan from N. integrifrons for comparison. Alignment was carried out using Clustal software. All sequence data were submitted to Genbank (See Table 1 
for accession details).
A bootstrap test of phylogeny (10,000 replicates) was run to construct a nearest-neighbour tree for all rhizocephalan samples using the Kimura 2-parameter distance measure in the software package Mega version 3.0 (Kumar et al., 2004) . The results of a contingency matrix for all nominal S. carcini haplotypes (including singletons) by population were compared to the expected chance distribution using a Monte Carlo v 2 test (Zaykin and Pudovkin, 1993) . Population comparisons were made by testing the significance of genetic distances between pairwise comparisons of haplotypes for all samples of nominal S. carcini permuted 10,000 times using F ST analysis in the software package Arlequin version 2.000 (Schneider et al., 2000) .
RESULTS
There were large differences in nucleotide sequences among the Sacculinid species. Over the five species compared, the overall difference between species averaged 25%; in pairwise comparisons, differences ranged from 15% between S. carcini and Sacculina sp. to 34% between S. carcini and S. oblonga (data not shown).
Within the nominal S. carcini grouping, differences in nucleotide sequences were much smaller. The difference between S. carcini parasitising C. maenas from England and those infecting the same crab species in Denmark and Sweden was only 0.6%. The difference between nominal S. carcini parasitising C. maenas and those parasitising the species of Liocarcinus collected in Ireland and Wales was even smaller, only 0.4%.
Overall, the aligned mtDNA sequences revealed 10 haplotypes, A-J (Table 2) , suggestive of three geographic regions: the Baltic Sea (Sweden and Denmark), the English Channel (Plymouth) and the Irish Sea (Ireland and Wales). A fixed substitution at sequence position 500 differentiated the Irish and Welsh specimens from other collections and a fixed substitution at sequence position 637 further differentiated the English material. The majority of Swedish and Danish specimens had a substitution at sequence position 313 and were also polymorphic at sites 222, 364 and 397.
The nearest-neighbour tree produced four closely related, but distinct groupings of S. carcini specimens that largely mirrored geographic locations (Figure 2 ). Within S. carcini, good separation was shown for the geographic groupings of the English Channel, Irish Sea and Baltic Sea, with bootstrap values of 86, 76 and 67%, respectively. Bootstrap values showed 100% separation for the four outgroup species. The data, albeit preliminary, suggest that S. carcini and Sacculina sp. are more closely related to H. lunatus than they are to their nominal congeners, S. granifera and S. oblonga.
Monte Carlo v 2 tests (10,000 runs) of the 10 haplotype distributions across the 5 source countries (Table 2) indicated significant spatial heterogeneity (v 2 ¼ 54.778, P , 0.001). This difference is attributable mainly to Danish and English Channel haplotypes (v 2 ¼ 10, P , 0.05). These findings were confirmed by population pair-wise Fst analysis which showed S. carcini haplotypes from England were significantly different from the Swedish and Danish haplotypes (P , 0.05). Fst values were extremely high for all pair-wise comparisons (Table 3) .
DISCUSSION
The results of the COI analysis demonstrate clearly that the single species, Sacculina carcini, infects at least three different host species; we found no indication of more than one species in what is currently called S. carcini. The differences we found between sacculinid species, averaging 25% sequence divergence, was an order of magnitude larger than that we found within the nominal S. carcini (about 0.5%). In that regard, our data are consistent with observations by that 99.9% of crustaceans with COI sequence divergence less than 1% were conspecific. However, despite the low levels of sequence divergence within the species, we did find evidence of significant genetic variation among specimens of S. carcini that appears to be geographically based. Verifying this structure clearly requires much larger sample sizes, in the order of 60 and 100 individuals from each site (Black and Tabachnick, 2004; Grewe et al., 1993) . Nevertheless, our preliminary data suggests strongly that analysis of the COI sequence provides considerable potential to resolve, for the first time, the geographic population structure of S. carcini. It is also likely to prove useful for analysis of other rhizocephalans. Such analyses have proven difficult based on traditional morphological approaches, due to the much reduced structure of the parasite externae and analysis of the nuclear 
encoded rRNA genes (ITS1) and (SSU) (Murphy and Goggin, 2000) . The genetic differences we detected between S. carcini from geographically well separated areas may be due to their very short planktonic larval dispersal stage (about 6 days) (Høeg and Lützen, 1985, 1995) . Although data for most groups are still sparse, there is a general expectation and some supporting evidence that duration of the dispersal phase broadly correlates with the degree of population panmixia in marine invertebrates (Weber et al., 2000 , although see also Todd et al., 1988; Strathmann, 1985) . At only six days, the dispersive phase of S. carcini is relatively short for a temperate marine invertebrate and this may well explain the localised populations and genetic sub-structuring we have found for S. carcini. Shorter dispersive phases are presumed to exist for the rhizocephalans Sylon hippolytes and Clistosaccus paguri, because these rhizocephalans directly release cyprid larvae without planktonic naupliar stages (Lutzen, 1981; Høeg, 1982) . An investigation of these species may produce evidence of extreme genetic substructuring.
Alternatively, greater homogeneity could result from dispersal by mechanisms other than via the planktonic stage and in particular by the hosts themselves. Our observations of invasive populations of C. maenas in Australia suggest individuals are confined, but highly mobile within bays and estuaries, with catch rates and size frequency distributions of the crabs caught at the same locations changing markedly on weekly time scales (C. Proctor, personal communication) . This is consistent with a study of tagged C. maenas in lagoons along the coast of Portugal, in which Gomes (1991) reports that, after at most six months freedom, most tagged individuals were re-caught between 1 and 10 km from the point of tagging and that only a few had moved more than 15 km. On that basis, we expected that the along-coast movement of parasitised crabs over a likely 4-6 year life span to significantly reduce the genetic heterogeneity of S. carcini sub-populations. This doesn't appear to be the case, but it would be of considerable interest to examine the genetics of sacculinid populations around islands isolated by relatively deep water, as a means of teasing apart the role of planktonic and demersal dispersal on population structure. Deep water would act as a barrier to long-shore movement by parasitized C. maenas, thereby reducing gene flow between adjacent populations due to stepping stone migration. It would also be interesting to compare in detail the population structure of S. carcini with that of C. maenas itself (Roman and Palumbi, 2004) .
Finally, we note that our data suggests that H. lunatus is more closely related to S. carcini than the latter is to its nominal congenerics, S. oblonga and S. granifera. Again, our data are preliminary, but we suspect they highlight the difficulty of morphological species identification of the Rhizocephala. In that regard, our finding agrees with Glenner et al. (2003) , whose phylogenetic analysis of ten species of Sacculina, using COI and 18s r gene sequences, suggested that neither the family Sacculinidae nor even the genus Sacculina is monophyletic. 
